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RATTONAL

ATRPIANE MOTIONS AND LOADS INDUCED BY FLYING THROUGH
THE FLOW FIELD GENERATED BY AN ATRPLANE AT
L.OW SUPERSONIC SPEEDS

By Gereth H. Jordan, Eerl R. Keener,
and Stanley P. Butchart

SUMMARY

An exploratory flight lnvestigatlion was conducted to determine the
disturbances to en airplane while flying in formatlion with another air-
plene at low supersonic speeds. The most significant motions were
encountered as a result of flying through the flow field of the lead
airplene. Several of these supersonic passes were made using two swept-
wing flghter-~type alrplanes in order to evaluste the gross effects of
time to pass through the flow field, lateral dlstance, and altitude
within a Mach mumber range from 1.1 to 1.3.

Significant alrplane motions and vertlcal-teil losds cen be experi-
enced a8 & result of close-proximliy side~by-side passes at supersonic
speed. The most severe motions and verticel-tall loads were experlenced
during pessesg made at separation distences less than 100 feet and at a
time to pass near and slightly greater than the airplane nabursal pericd
in yaw. The pasging alrplene experienced maximm sldeslip angles of
gbout 5.11-0 and meximum vertical-tall loads of approximately 50 percent
of design limit in shesr, bending moment, and torsion. Maximum vertical-
tall loeds can be determined essentlizlly fram the maximum eirplene side-
slip angle and the vertical-teil lift-curve slope. Increasing the lateral
separation distance was shown to decrease the meximum sideslip angle and,
thus, to reduce the maximm verticsl-tail load.

INTRODUCTION

Military pilots have reported that severe disturbences are encountered
while flying in formation at supersonic speed. The impliceation of these
reports was thet severe loading conditions might be imposed on an airplane
by flying in the flow field genersted by asnother seirplsne at supersonic
speed. As & result of these reports, the NACA High-Speed Flight Station

at BEdwards, Calif., has cg%%,ﬂﬁm%g%ligm investigation to
¢
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determine the nature and severity of the disturbances thet might be encoun-
tered. During the investigatlion, it was found that the most significant
airplane motions and loads were imposed on the aslrplane as a result of
flying through the flow field in a passing maneuver.

The purpose of this paper is to summarize the results of this inves-
tigation and to point out some of the factors believed toc be important in
an assessment of the overall problem of supersonic passes. The experl-
mental date were obtalned at Mach numbers fram 1.1 to 1.3 at altitudes
from 20,000 to 40,000 feet.

SYMBOILS
c chord, ft (fig. 1)
Fg aileron stick force, 1b
Fp rudder pedal force, lb
Fg stabllizer stick force, 1b
FY v vertical-tail structural loasd, 1b
2
g acceleration due to gravity, ft/sec@
hIJ pressure altitude, f't
Iy moment of inertla ebout X-axis, slug-ft2
Ty moment of inertia sbout Y-sxis, slug-ft?
Iy moment of inertla about Z-axis, slug-£t°
Ixg, product of inertis, slug-ft2
i incidence angle of all-moveble stabllizer, positlve when
leadling edge up, deg
M Mach number as measured by airspeed head mounted on nose boom
Mf,v vertical-tall structural bending moment, in-1b
Iy transverse-load factor, g units
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Ny normal-load factor, g units
P, period of natural fregquency of alrplsne in yaw, sec
P static pressure as measured by airspeed heasd mounted on nose

boom, lb/sq ft, or roliing angular velocity, radians/sec

Ap approximate veriation of static pressure in flow fleld fraom
free stream

D rolling sngulsr eccelerstion, radisans/sec?®

q free-stream dynamic pressure, 1b/sq ft, or pitching angular
velocity, radians/sec

q pitching anguler scceleration, radians/sec?

T yawing engular veloclty, radians/sec

T yewing sngulsr sccelersation, radiens/sec?

Tv vertical-tail structural torque, in-lb

t time, sec

¥ lateral separation distence between flight paths of airplanes, £t

@ airplane angle of attack as messured at nose boam, deg

2] airplane angle of sideslip a8 measured at nose boom, deg

g total aileron deflectlon, deg

(a2 rudder deflection, deg

£ damping ratio

Subscript:

max maximum

DESCRIPTION OF ATHRPIANE AND INSTRUMENTATION

The test airplane used for this investigation wes a swept-wing
fighter-type alrplene cepable of supersonic speed in level flight. A
three-view drawing of the airplane giving oversll dimensions is presented
in figure 1. The physical characteristics are glven in table I.
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The test alrplene used for these studies wes Instrumented to measure
quantltlies pertinent to these investigetions. Strucbural losds on the
test alrplane were measured by strain geges located at the root of each
surface. The strain-gege station and torque exis for the vertical~teil
loads sre shown in figure 1.

The alrspeed head from which static-pressure measurements were
obtalined and the angle-of-sideslip vane were mounted on the nose bhoam
of the test alrplane. Pertinent dimensions of this installation are
shown in figure 2.

The lead alrplane for these formatlon flights was furnished by the
Ay Force Flight Test Center and was an uninstrumented eirplane of the
same type as the test airplane.

TESTS

The motione and loads assoclated with supersonic passes were investl-
gated by the test procedure shown in figure 3. The instrumented test
airplane was flown through the flow field generated by the lead alrplane
in a side-~by-side passing maneuver. These supersonic pesses were made
at various lateral separation distencee and at various passing rates
within a Mach number range of 1.1 to 1.3 and at altitudes from 20,000
to 40,000 feet. The speed differentials for the passing rates investi-
gated varied from sbout 5 feet per second to 50 feet per second or
incremental Mach numbers less than 0.05.

RESULTS AND DISCUSSION

Factors Involved

Some of the factors that should be considered in a general essessment
of the supersonic pases problem are as follows:

Mach number
altitude

rate of passeing
separation distance

relaetive flight paths

relative size

™ initial conditions
stabllity
configuration

ST,
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The dynamic pressure, which has a direct bearing on the loads, is deter-
mined by Mach number and altitude. Mach number and altitude also deter-
mine the physicel cheracteristics of the flow fleld and the strength of
the shocks in the flow field for & given configuration. The effect of
rate of passing and lateral separation dlstence on the response of the
airplane to the flow-field disturbance 1s dlscussed In the presentation
of the experimental results to follow. Only the side-by-side pass has
been investigeted; however, many veriations in relative flight paths are
possible, such as overhead passes, head-on passes, and curved flight
paths. No experimental results are avallsble to indicate the éffect of
relative size of the lead and passing eirplsnes, initial conditions before
passing, stability, or configuratlon; however, these factors must be
considered before & complete assessment of the problem can be made. It
should be pointed out that, although this investigation concerns the
motions end loads experienced by the passing sirplane, a similar disturb-
‘ance was felt by the other alrplaene as the flow field of the passing
eirplane swept over it.

Time History of & Supersonlc Pass

In order to have a more complete understanding of the supersonic
pass problem and of the resulting alrplane motlions and loads, a more
detailed sketch of the flow fleld and a time history of a supersonic
pass are shown in figures 4 and 5. The flight conditions for this super-
sonic pass sre M= 1.3, hp = 32,400 feet, y = 100 feet, and a speed
differential of gbout 12 feet per second. In figure 4, the lead airplane
and a portion of the shocks generated by this alrplane are shown. For
simplicity, the shocks are represented by parellel lines at the Mach
angle for M = 1.35. The flow field is further assumed to be one fuselage
length in a direction pardllel to the flight path. The incremental pres-
sure changes wilthin the flow field were obtained from the alrspeed record
during this supersonic pass and are shown in the lower psrt of the figure.
The three stronger shocks resulted in abrupt pressure jumps of 15 to
17 pounds per syuare foot. In addition, the epproximate path of a stream-
line (somewhet exaggersted) through this flow field is indicated .in fig-
ure 4 and the test airplane is shown just entering the flow field. From
a consideration of the flow direction, it may be seen that the test air-
plane experiences a local latersal velocity over its fuselage and then
over its tail as the flow field 1s traversed; hence, the test ailrplane
experiences a yawing-moment input.

From the time histories of the messured quantities in figure 5, it
is seen that the test airplane experienced an excursion in gideslip in
which a maximum sideslip angle of Lk.7° was measured. The maximum lateral
ecceleration associated with this eirplane motion was £0.7g. The
vertical-tail loads in figure 5(c) are mainly a function of the airplane ;
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sideslip angle; and the meximum vertlical-tail shear, bending moment, and
torque meassured during this pass were about 50 percent of design limit.

Maximum Sideslip Angle

A sumery of the supersonic passes performed within e Mach number
range of 1.1 to 1.3 at altltudes from 20,000 feet to 40,000 feet is
shown in figure 6. The maximum sideslip angles measured during these
passes are shown as a function of time to pass. Time to pass 1s defined
as the time In seconds required for any part of the test alrplane to
traverse the distance from the trelling shock to the bow wave of the
generating alirplane and wes determined for these tests from the elrspeed~
head static-pressure record. The time-to-pass values in figure 6 repre-
sent speed differentials fram about 50 feet per second at the fast rate
of passing to sbout 5 feet per second at the glow rate of passing. Also
shown In this figure is the natural period of the alrplane in yaw for
the range of Mach number and altitude of these pesses.

The solid symbols in figure 6 represent the meximum sideslip response
measured during passes made at separation distances less than 100 feet,
the helf-solid symbols represent passes at distaences from 100 feet to
300 feet, and the open symbols represent passes made at distances greater
than 400 feet. The effect of distence msy be seen by camparing the
response of the alrplane at various distances. As would be expected,
the largest response weas obtalned at distances less then 100 feet and
the response is seen to decrease as the separation distance is increased.

A noticeable effect of rate of passing may be seen by compering the
response of the slrplane at distances less than 100 feet. For a time
to pass considersbly less than the natural period of the alrplane in ysw,
very little airplene motion was encountered. At tlmes to pass nesr and
greater then the natural period, significent airplene sideslip angles
were obtained. In addition, a smell reduction in sideslip response 1s
evident at the higher time~to-pass values.

The effect of Mach number on the sirplane motions could not be
determined because of the limited range of Mach number investigated. No
effect of altitude on the alrplane motion was found within the range
investigated (20,000 to 40,000 feet).

It 1s spparent from these data that there is some dynamlic response
to the flow-field disturbance. Some preliminery calculatlons were made
in an effort to predict the maximum alrplane motions. These calculations
were based on the simple dynamic response of a linear single-degree-of-
freedom system to a yawing-moment input. (See, for exsmple, ref. 1.)

The results of these calculsations are compared with the flight results
in figure 7. The data in this figure have been corrected to a lateral
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separation distance of 100 feet by the expression By /100. This

correction 1s bhased on scme theoretical work by G. B. Whitham (ref. 2)
In which it is shown that the lateral wveloclity in the flow field of a
body at superscnic speed varies Inversely with the square root of the
lateral separation distance. The curve of the calculeted response is
based on & damping retio of 0.07 which corresponds to the £light-
determined demping ratio of the airplane at low supersonic Mach numbers
(ref. 3). These calculations predict extremely large sideslip engles
near the airplene natural period that heve not been realized in flight.
It is evident thet more refined calculations are necessery before relil-
gble estimates of the maximum ailrplane motions can be predicted. Addi-
tional calculatlons employing en analysis hased on the recent traveling-
gust concept are presently under way.

Maximum Vertical-Tail ILoads

A gsummery of the maximum vertical—tall loads (mea.sured. during these
supersonic passes) 18 shown in figure 8. The maximum vertical~tail loads
have been corrected to sn altitude of 30,000 feet by a dynemic-~pressure
correction. On the left-hand side of the figure, the maximum vertical=-
tall loads measured during passes st distances less then 100 feet are
shown as & function of time to pass. The vertlcel~tall loeds vary in a
manmer similar to that previously shown for meximum sideslip angle, and
vertical-tail loads of 50 percent of design limit were experienced at a
time-to-pass slightly greater than the netursl perlod of the alrplane
in yaw.

As a matter of interest, the fast rate of passling resulted in negli-
glble alrplane motion and, thus, in relatively small vertical~tail loads.
Some evidence of structural excitatlon was visible, however, in the
flight records for this pass. This excitatlion 1s & result of an impact
type of loading imposed on the vertical tail during high passing rates.

On the right-hand side of figure 8 the maximum vertical-tall losds
from all of the supersonic passes ere shown as & function of the meximum
sideslip angle. Also included i1s the variation of the vertical-tall
load based on the experimentel lift~curve glope of the vertical tail
from other experimental results. A comparison of the vertical~taeil loads
experienced during these passes with the experimentszl lifit-curve slope
indicates that the maximum verticel-tail loads can be determined from
the maximum airplane sideslip sngle and the vertical~tall 1ift~curve
slaope.

Ag previcusly mentlioned the magnitude of the eirplane motions was

found to be relatively unaffected by aliitude within the range of this, ™
Investigation. It might be expected that loads in excess of design
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limit would be experienced as a result of close-proximity passes at an
altitude lower than the range investigsted because of the incresse in
dynemic pressure.

Pilot's Comments

Formetion flying at supersonic speeds does not differ from subsonic
formation work as long as the wingman remeins in a position behind the
flow field of the lead airplane. If the wingmen gets out of position,
elther by overshooting during join up or by drawing dbreast of the lead
plane as a result of a turn-in maneuver of the leed plane, control of
the airplane can became quite difficult.

If the wingman moves sheed slowly, the first encounter with the
flow field of the lead airplane causes an gbrupt yaw toward the lead
plene. (The first impression is that you will fly right through the
middle of the lead airplene.) A little difficulty is experienced in
holding vertical position at this point also, not unlike flying in the
wing weke of another airplane at slower speeds. It is possible to
retrim and to hold formation position after the alrplane has penetrated
same distence into the flow fleld. Moving ahead a little farther
releases the yaw towerd the lead plane and sets up a slight yaw in the
opposgite direction. It is possible to move out from the lead airplane
for & distance of 500 to 600 feet or more and stilll remein in this
yawed posltionm.

The most startling experience occurs when the wingman slides up
past the lead sircraft at a speed where the yaw toward the lead plane
and then awey from the lead plane comes in phase with the netural
frequency of the alrplane in yaw. Under thils condition the ailrplane
ends up In a yawing oscllletion that can be four or five times greater
than that attainsble when rudder alone is used at that same speed. The
airplane controls are not effective in preventing the oscillation and
the airplane feels out of control for a few seconds.

CONCIUDING REMARKS

Results of an investigation of sirplene motions and loads induced
by flying through the flow field of an airplane at low supersonic speeds
have indiceted thet significant airplene motions and vertical-tail loads
can be experienced as a result of close-proximity side-by-side passes at
supersonic speed. The most severe motions end vertical-tail loads were
experienced during passes made at separation distances less than 100 feet

COC—
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and at a time to pass neer and slightly greater than the airplane natural
period in yaw. The passing airplane experlenced maximum sideslip angles
of ebout 5.4° and maximum vertical-tail losds of approximately 50 percent
of design limit in shear, bending moment, and torsion. Meximum vertical-
taill loads can be determined essentially from the meximum sirplane side-
slip angle and the verticeal-tall lift-curve slope. Incressing the lateral
separation distance was shown to decrease the meximum sideslip angle and,
thus, to reduce the meximum vertical-teil load.

A general assessment of the problem of supersonic passes requires
that several additional factors be-considered - namely, effects of Mach
number, stebility, configuration, relstive size, and relative flight path
on the airplene motions and loads.

High-Speed Flight Station,
Netionael Advisory Committee for Aercnsuties,
Edwerds, Calif., March 5, 1957.
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TABLE T

PHYSICAL CHARACTERISTICS OF THE TEST ATRPLANE

Wing:

Alrfoll section « « v & v v 4 4 e e i s e e« o . .« . . NACA 6h(06)A007

Total area (including aileron and 83.84 sq ft

covered by fuselage), sg £t . . « « « ¢« + « ¢« 4 o . o
Span, ft . . . . e e & 4 s e e 4 s e e s s e e e
Mean serodynamic chord, g

Root chord, £t . . . o ¢ ¢ ¢ ¢ o ¢ ¢ v 4 e 4 o o o o o
Tip chord, ft e s e s 4 e e s s e s s e e e e e e e e s
Taper ratlo .« . ¢« ¢« ¢ ¢ ¢« ¢ o ¢ o & & « s o« a s s o o o
Aspect ratio . . . . . . s e e s e e e e e e e e s
Sweep at 25-percent-chord line, deg « < v 4 e e e e e .
Incidence, deg . . . . . . . © 4 e e e s e e e e e e
Dihedral, deg . . « ¢« & ¢ ¢« ¢« 4 ¢ &« & o o « o« o o o & « o
Geometric twist, deg . . . . o . 0 00 00w e e e ..
Alleron:

Area rearward of hinge line (each), sq ft . . . . . . .

Span at hinge line (each), £t . . . . . « v « ¢« « « « .

Chord rearward of hinge line, percent wing chord . . .
Travel (each), @88 .« « « « « &+ « & « o o o « o o o &
Ieading-edge slat:
Span, equivalent, £ . « .« . ¢ v ¢ o 4 ¢ 4 i 4 0 . e s
Segments . « ¢ ¢ ¢ ¢ ¢ e 4 s e e s 0 4 . « s 4 e s
Spanwise location, inboard end, percent wing semispan .
Spanwise location, outboard end, percent wing semispan
Ratio of slat chord to wing chord (parallel to
fuselage reference line), percent . . . . . « . . . .
Rotation, maximum, deg . . . . . ¢ ¢« ¢ ¢« ¢ ¢ @ o o o &

Horizontal tail:
Airfoil section . . . e et 4 e e e e e s e e e .
Total area (including 31 65 8q ft covered by fuselsge),

sg ft . . . . ¢ < 4 < . . c e e e e e e e e e e e e
Span, ft . . . e 6 4 4 e e e e e w e e e e e s e .
Mean serodynamic chord i
Root chord, f£t . « ¢ ¢ ¢ ¢« ¢ ¢« v « v o ¢ v o o o o o o
Tip chord, £t ¢ . ¢ v ¢« ¢« ¢ ¢ ¢ ¢ ¢ 4 ¢ 4 4 4 e 8 4. e .
Taper ratio . « + ¢ ¢ ¢t h i b i et e e e e e e e e e .
Aspect ratio . . . e 4 e e e e s s s e s s e ae s .
Sweep at 25- percent—chord line, deg . . . . . . . « . . .
Dihedral, deg . . . . e v e 4 e s e e s e e aae

Travel, leading edge up, deg C e e e s e e e e e e s e
Travel, leadlng edge down, deg . . . . . « « + + « + « &

. . 385.21
. 38.58
. . 11.126
. . 15.86
. . L.15
. . 0.262
. . 3.86
. . L5
. . o]
. . o]
. . 0
. . 19.32
.. 7.81
. . 25
.. 15
. . i2.71
. . 5
.. 23.3
. . 89.2
v . 20
. . 15

. NACA 65A003.5

. . 98.86
. . 18.72
. . 5.8%
. . 8.14
.. 2.46
. 0.3%0
. . 3. 54
. . 45
. . o]
L. 5
.. 25
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TABIE I.- Continued

PHYSTICAT. CHARACTERTISTICS OF THE TEST ATRPLANE

Vertical tail:
Airfoil section . . . . . e e ¢ « e s+ e« « « « « - . NACA 65A003.5
Area (excluding dorsal fin and area blanketed by
fuselage), sq £t . . . . . . . e v e e e e . 4o, 7
Area blanketed by fuselage (area between fuselage contour
line and line parallel to fuselsge reference line through
intersections of leading edge of vertical teil and
fuselage contour = 1S 2
Span (unblanketed), £ .« + « v & & & & ¢ ¢ « + o o o & o o T
Mean aerodynamic chord, £t . . . . ¢ ¢« ¢ & ¢« v ¢ 4 ¢ o o o @ 5.
Root chord, £t . ¢ ¢ v ¢ & ¢ ¢ o o ¢ ¢« o o o o o o « o o o = 8
Tipchord, £t . « « ¢« ¢ 4« & ¢ ¢« ¢ ¢ ¢ o o ¢ 4« o o o o o o o 2
Taper ratlo « ¢ ¢ ¢ o ¢ 4 4 ¢ o o o « o« o s « s s o« » « o o 0.301
Aspect TEBLO . . i 4 i i b it e e e e e e e e e e e e e s 1.kg

Sweep at 25-percent-chord line, deg . « « « « ¢ « & « « o« « & L5
Rudder:
Area, rearward of hinge line, s ft . . . « « ¢« « « . « . . 6.3

Spen at hinge line, £t . . . . . <« ¢ ¢ ¢ ¢ ¢ 4 4 4 o o . . 3.33
Root chord, £ . . . ¢ ¢ ¢ v ¢ v @ o 4 @ 4 o o o o o o o « 2.27
Tip chord, £t . « & « & & & ¢ 4 4 o e« o o o « = = s » ¢ o o 1.50

Travel, deg .« e e .« o e s a4 ¢ e 8 4 & s e s & o o = 20
Spanwise location, 1nboard end percent

vertical-tall Spamn . . . ¢ ¢« 4 ¢ s e s e e . e s o4 e = . 3.1
Spanwise location, outboard end, percent

vertical-tail span . . . . e e e e e e e e e e e k4.8

Chord, percent vertical-tail chord e e h e e e e e e e e 28.4
Aerodynamic balance . . . . . . . . . . . . . Overhanging, unsealed

Fuselage:
Iength (afterburner nozzle closed), ft . . . . . « « . . . . 1564
Maximum width, £t . . . . . e e s e e e e e e e e e e e 5.58

Maximum depth over canopy, ft e e e e e e e e e e e e e e 6.37
Side area (total), sG FE . ¢ ¢ ¢ ¢« 4« v « ¢ 4 4 e e 4 .« . . 230.92
Fineness rstio (afterburner nozzle closed) . . . . . « . . . 7.86

Speed brake: .
Surface area, 84 £t . « ¢« ¢« ¢ 2« ¢ « ¢ 4 4 e 4 e 4 4 a4 .. k. 1k
Maximum deflection, deg . . « « &« & ¢ ¢ o ¢ & ¢ « o & o« « o o 50

Powerplant:
Turbojet engine . . . . . One Pratt & Whitney J57-P7 with afterburner
Thrust (guarantee sea level), afterbuwrper, 1b . . . . . . . . 15,000
Military, b . . . . e e e e e e e e e e e e e e e e 9,220
Hormal, ID . « v « o« o o o« o o o o o o o« s o o o o & o « « 8,000
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TABLE I.- Concluded
PHYSTCAIL CHARACTERISTICS OF THE TEST AIRPLANE
Airplane welight, 1b:
Basic (without fuel, oll, water, pilot) . . . . . . . . . . . 19,662
Total (full fuel, oil, water, pilot). . . . . . . . . . . . . 24,800
Center-of-gravity location, percent mesn aerodynamic chord:
Total weight - gear down . « « ¢« « « + & ¢« « o« ¢« o « =« « . 3L.8&
Total weight - gear UP .« « « + « « « ¢ o« & = o« & « o « « « . 3180

Moments of inertia (estimated total weight)

Ty, STUB-THZ . . & v v v v v 4 b e e e e e e e e e e . . . 11,103
Ty, BTUG-TE2 . o & v o v e e e e e e e e e e e e e e . . 59,248
Tg, SLUG-TEZ © v v v e e i e e e e e e e e e e e e .. 67,279
Igzs SLUB-FEZ . o o v v v v i e e e e e e e e e e e 9h1

Inclination of principal axis (estimated total weight):
Below reference axis at nose, deg « « = ¢ « « + 4 + 4 o o 2 . 0.8
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TEST AIRPLANE
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INSTRUMENTATION ON NOSE BOOM OF TEST ARPLANE

Test akrplane fuselage

[——Angle-of-aﬂuck vane |
Alrspeed heudll-—ls 1/4* A 52" —]

Angle-of-gideslip vane

Figure 2
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DESCRIPTION OF TESTS
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AIRPLANE

_ TEST
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A} ~

Pigure 3

SKETCH OF SIMPLIFIED FLOW FIELD
M= L3; hy= 32,400 FEET
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TIME HISTORY OF SUPERSONIC PASS; M=l3; hyn32,400; ywI00
. ANGULAR MOTIONS AND LOAD FACTORS
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TIME HISTORY OF SUPERSONIC PASS; Mwl.3; hp-R’32,400; y=100
CONTROL POSITIONS AND FORCES; ANGULAR VELOCITIES AND ACCELERATIONS
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Figure 5(b)
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- TIME HISTORY OF SUPERSONIC PASS; Mwml.3; hp=32,400; y=I00
VERTICAL-TAIL STRUCTURAL LOADS
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Figure 5 (c)
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SUMMARY OF SUPERSONIC PASSES
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Figure 6

COMPARISON OF CALCULATED AND EXPERIMENTAL
MAXIMUM SIDESLIP ANGLES
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SUMMARY OF VERTIGAL-TA[L LOADS
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Figure 8
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NACA - Langley Field, Va.



